This paper discusses the design, development and testing of a pneumatic telescopic wing that permits a change in the aspect ratio while simultaneously supporting structural wing loads. The key element of the wing consists of a pressurized telescopic spar that can undergo large-scale span wise changes while supporting wing loadings in excess of 15 lbs/ft 2 . The wing cross-section is maintained by NACA0013 rib sections fixed at the end of each mobile element of the telescopic spar. Hollow fiberglass shells are used to preserve the span wise airfoil geometry and ensure compact storage and deployment of the telescopic wing. A fullscale telescopic wing assembly was built and tested in the Glenn L. Martin Wind Tunnel at the University of Maryland. These tests included measurements of Lift, Drag, and Lift to Drag ratio at a variety of Reynolds numbers. The telescopic wing was tested in four different configurations and experimental results were compared to finite wing theory results. Preliminary aerodynamic results are promising for the variable aspect ratio telescopic wing. It was expected that the telescopic wing at maximum deployment should incur a slightly larger drag penalty and a reduced lift to drag ratio. Thus, it may be possible to develop UAVs with variable aspect ratio wings using pneumatic telescopic spars and skin sections. This paper presents and discusses parts of the aspect ratio morphing concept, using pneumatic telescopic spars to actuate the wing and sustain aerodynamic wing loads, while being fully controlled in a timely manner.
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I. Introduction
In the US, research on fixed-wing uninhabited air vehicles (UAVs) has been spearheaded by DARPA, the Air Force, Navy, and DARO (Defense Airborne Reconnaissance Office) over the past 20 years. 1 These activities have the goal of achieving a variety of military objectives to aid the "war-fighter" in the air, over land, and in the sea. Toward the end, the Department of Defense (DoD) has fielded numerous vehicle configurations to meet various mission objectives including reconnaissance, surveillance, target acquisition and search and rescue (See Figure 1) . Notice that the vehicles depicted in this figure span a three-order of magnitude range in wingspan and a six-order of magnitude range in gross-takeoff weight (GTOW). 2 However, closer inspection of this figure reveals that the majority of fixed-wing aircraft have wingspans in the range between 5 to 30 feet with gross takeoff weights varying from approximately 10 lbs to 2000 lbs. These vehicles are typically designed to achieve a single mission objective such as reconnaissance, surveillance or combat. While many of the current operational platforms have given the "war-fighters" an advantage in the military battlefield, the full potential of UAVs is still emerging as evidenced by the success of General Atomic's Predator during the recent Afghanistan conflict. New tactical advantages involving UAVs include situational awareness, standoff weaponry, forward pass targeting, and logistic support. It is anticipated that such autonomous agents will contribute to a new age in war fighting for today's military.
In the future, vehicles may be required to achieve multiple mission objectives in a single platform. To enable this capability the concept of variable geometry has been proposed as a means to extend the capability of current air vehicle platforms. This requires the development of seamless aerodynamic structures that can undergo large-scale changes in wing geometry. In addition, such vehicles must have adaptive control architectures to maintain robust stability and control capability over an expanded flight regime. With such a capability, one might envision that vehicles with short wingspans could seamlessly morph into vehicles with longer wingspans to achieve a longer time on station in a military theatre. With such a morphing capability, Figure 2 suggests that one could achieve a significant gain in endurance performance, if current UAVs could undergo a 100 to 200% increase in wingspan.
However, this potential benefit is not without a penalty, since a morphed aircraft wing must be able to sustain a sufficient wing loading as the lift increases at a given altitude. Thus, morphing aircraft structures would probably require additional hardware to perform seamless geometry changes. This would increase the GTOW of the vehicle. Hence, the requirement to morph an aircraft's wing must be accomplished with a minimal addition in GTOW while meeting anticipated wing loading requirements as the lift over the airfoil increases. Moreover, the propulsion system of the UAV must also be able to operate efficiently over an expanded flight envelope.
In spite of the apparent complexity of variable geometry aircraft, nature has evolved thousands of flying machines (insects and birds of prey) that perform far more difficult missions routinely. Observations by experimental biologists reveal that birds like falcons are able to loiter on-station in a high aspect ratio configuration using air currents and thermals to circle above until they detect their prey. Upon detection, the bird morphs into a strike configuration to swoop down on unsuspecting prey. This overwhelming superiority of biological fliers over existing fixed-wing UAVs stems from two fundamental factors. The first factor involves an ability to generate seamless aerodynamic lift and maneuverability more efficiently while undergoing shape changes; and the second factor involves an ability to store and release energy more efficiently than man-made machines. Thus, bio-mimetic "morphing" flight may offer many advantages over traditional uninhabited air vehicles (MAVs, UAVs, UCAVs, etc). The first advantage would be the capability of a morphing air vehicle to transform itself into multiple geometries, enabling multiple mission objectives with one vehicle. The second advantage of a morphing vehicle would be its aerodynamic efficiency, thanks to its capability to adapt its shape and power precisely to the flight conditions requirements. In response to the need of such revolutionary aircrafts, DARPA solicited in September 2001 innovative research proposals on Morphing Aircraft Structures, and defined a few specific goals: "Examples of specific controlled geometry changes include, but are not limited to, the following: 200% change in aspect ratio, a 50% change in wing area, a 5° change in wing twist, and a 20° change in wing sweep. The effort will culminate with a wind tunnel test of a flight traceable wing." 3 Along the lines set by DARPA, the Aerospace Department at University of Maryland initiated in 2002 a threefold Morphing Aircraft research project including: camber morphing, sweep morphing, and aspect ratio morphing concepts. This paper presents and discusses parts of the aspect ratio morphing concept, which goals is to perform a 200%, at least, change in aspect ratio using a pneumatic telescopic spar to actuate the wing and sustain aerodynamic wing loads, while being fully controlled in a timely manner.
II. Performance Benefit of Morphing Aspect Ratio: Range/Endurance
Consider typical aircraft performance parameters such as Range and Endurance. Mathematically, these performance parameters can be written as: 4, 5 
. . respectively. Each of these ratios is dependent on the wing aspect ratio. Thus, it is clear that an increase in wing aspect ratio would result in an increase in both range and endurance. In addition, endurance is further enhanced for a variable aspect ratio wing because wing surface area also increases with aspect ratio. By tailoring the wing geometry one can adapt the lift and drag characteristics to a variety of missions. Table 1 . Figure 3 shows a significant increase of Endurance and in Range as Aspect ratio is increased. For instance, at a cruise speed of 30 mph, the Endurance and Range of Sample Aircraft are almost quadrupled when the Aspect Ratio is increased from 1 to 2.
While the development of variable geometry has primarily been associated with high speed manned fighter aircraft (Tornado, F-111, Mirage, etc.), variable geometry wings with seamless aerodynamic capability would enable a new generation of uninhabited air vehicles with greater mission flexibility. Specifically, telescopic wings that change aspect ratio have been sporadically designed over the course of the past century. Some were invented as early as 1936 in the form of telescopic wing tips (US Patent 2,056,188), some as recent as January 1991, and some are presently being designed, the Gevers Aircraft for example. 6, 7, 8 However, there is little evidence that these designs have ever been built, yet alone tested. Also, the telescopic designs previously cited were created for habited flying structures, but none have been documented for use on an uninhabited air vehicle. Furthermore, nearly all-telescopic designs incorporated a lead-screw mechanism to control extension and retraction of the wing elements. Although a lead-screw mechanism has advantageous characteristics, they produce a significant increase in the wing's structural weight. Thus, a pneumatic system is an attractive alternative to a lead-screw mechanism to achieve morphing and adapt wing geometry.
The choice of a pneumatic telescopic wing to achieve morphing on UAV's wing would have numerous advantages over conventional wing technologies including weight, compactness, compliance tailoring, and minimal moving parts. Thus, motivated by the success of a recent NASA inflatable Wing Project 9, 10 , this paper focuses on the concept of a variable geometry wing with a pneumatic telescopic spar and hollow skin elements.
III. Design Concept
The pneumatic telescopic wing is mainly composed of: • A telescopic pneumatic spar and its extension/ retraction control mechanism • Length proximity sensors • Ribs fixed at the end of each section of the pneumatic telescopic spar • Wing skins that deploy and retract • A pressurized air source with associated valving The concept and design issues of each part of the morphing aspect ratio pneumatic wing will now be described separately.
A. The pneumatic Actuators
In order to prevent uncontrolled vibration of the wing and to provide a sufficient force to actuate the wing in flight, it was decided to use two pneumatic telescopic actuators side by side (See Fig. 4 ), mechanically coupled by a rib at the tip of each mobile section. Both of those actuators are connected to the same inputs and outputs of pressure and cannot act independently. Figure 5 presents details of the extension and retraction mechanism of the actuators designed to handle a load of about 15 lbs/ft 2 , and manufactured by Ergo-Help Inc. 11 The extension mode is describes as follows: a pressure input at the root (1) generates motion of the two mobile section with pressure applied on both pistons (2&3). As a result of the motion, air is exhausted behind the two pistons (4). Note that the input and output of pressure orifices are closed (by the solenoid valves) when they are not being used. Hence, the spar is sealed under pressure at every time.
The retraction mode uses a slightly different scheme that allows no moving input or output of pressure. While pressurized gas is input in location (5), the retraction of the middle element of the telescopic spar is initiated by the back-pressure on the piston (6) and pressure escapes at the root of the spar (7) . However, the tip element of the telescopic spar encounters no motion until the middle element is completely retracted. When this occurs, orifices at the tip of the middle element allow the air to push the small piston and initiate retraction of the tip telescopic element, while pressure is rejected through the root orifice.
Therefore, extension of the spar resumes in an input of pressure in location (1) associated with opening of orifices (4), and extension of the spar resumes in an input of pressure in location (5, 8) associated with opening of root orifices (7, 10) .
B. The length sensors
An important step was to integrate a continuous sensing device in the wing assembly to control deployment length. The ideal case would have been to use a length sensor that would have no moving part in contact, but the only option satisfying this requirement, which was an optical sensor, revealed to be unusable in the wing assembly because the space allowed for the emitted light to propagate was to narrow and it would hit the wall before it hits the target.
Therefore it was decided to use a system of rack and pinion mounted on a potentiometer to sense the displacement. This choice was motivated by an apparent simplicity and a good cycle resistance: the potentiometer is a really simple device and has a linear characteristic. It was decided to use a limited-number-of-turns potentiometer in order to avoid counting the turns in the control program, so the characteristics would only be a straight line, as opposed to a teeth-like characteristic for an infinite-number-of-turns potentiometer; a given output voltage corresponds to a unique distance.
A rack was solidly mounted on each of the two moving ribs and was aligned with the pinion-potentiometer that was mounted onto the lower rib, as displayed on Figure 6 . Consequently, the relative displacement of each section with respect to the lower section could be sensed. The outputs of the two potentiometers are collected by the control program that transforms each of them into a distance value and sums them up to obtain the total actual length of the spars. 
C. The Skin
A flexible and expandable skin was originally considered for the morphing design. However, no known material could stretch over twice its original length while continuing to support an aerodynamic load. Therefore a telescopic skin is the most feasible solution because it allows for several rigid sections to support the aerodynamic loads while in any configuration. Three telescopic fiberglass hollow shells (0.045" thickness) were build by curing two layers of fiberglass in a pair of foam male/female molds cut at the appropriate geometry using hot-wire technology and aluminum templates. One rib of each size was designed to be attached solidly at the tip of each of the moving sections of the spars as showed in Figure 6 . The fiberglass shells were glued on the corresponding rib using epoxy. This design allows attaining any possible aspect ratio comprised between the fully retracted and fully extended positions.
IV. Control System: Requirements, Design, Characterization and Implementation

A. Design
The objective was to create a closed-loop control system to deploy the span of the wing. To accomplish this task, a LabView software program was developed and integrated to the spar system. The primary requirement is being able to sense the instantaneous length of the wing, and respond in a timely manner to a length command given by the user. It was decided to use the software LabView from National Instruments to create the control program. This program had to be able to receive indicative data from length sensors embedded in the wing, and respond to the user command by managing the opening and closing of solenoid valves. This is achieved by sending a +5V signal to the valves to cause the opening, or a +0V signal otherwise (the "rest" state of the solenoid valves being "closed"), through a Data Acquisition Card and a Terminal Block. The solenoid valves command the input and output of pressure in the actuators to generate there extension or retraction. The primary constraint for those valves is to provide a sufficient flow rate in order to create a fast response of the actuator. However, such valves require +12V supply at high current, and the control program associated hardware can only provide up to 5V at low current. An electronic circuit was then created to amplify the control signal current and open or close an electronic switch for a +12V from a high current power supply to command the opening/closing of the valves. The control logic and program will now be further described using Figure 6 .
(0) -The control system is inserted into a time loop, referred as Timer in the User Interface (see figure 7) (1) -Output voltages from the two sensors are extracted from the terminal through the DAC and called separately into the loop (2) -For each sensor, the output voltage is transformed into a distance through an Extrapolating Function (subprogram not displayed here), based on the calibration of the sensor (3) -The extrapolated distances from the two sensors are summed up to get the Actual Length of the wing (4) -Simultaneously, the control program calls the Command Length from the user -in percent of the total wing span -through the User Interface.
(5) -This Command length in percent of the total wing span is transformed into an length in inches (6) -The Actual Length is compared to the Command Length: Is it within the range of the Command Length +/-a certain clearance (that can be adjusted). The smaller the clearance, the more precise the control (7) -If the Actual Length is in the defined range, a set of 0V voltages is sent to the valves. In the illustrated case, the actual length is out of the defined range. The next step is to represent the two cases possible by a comparison: Is the Actual Length above the higher range limit or bellow the lower range limit? A separate case-window is created for each case. In the illustration, the actual length is higher than the higher range limit (8) -Once the case is defined, a set of actions can be initiated. Each action set is built in a sequence of two frames.
(9) -Each frame is time limited: the action will be performed until the timer expires. Note that the total of the two frame timers should be equal to the main loop timer value.
(10) -In every case, the first frame will correspond to an action period (extension/retraction generated by sending 0V/5V to the appropriate set of valves) and the second frame will correspond to a period of Rest (0V is sent to all the valves to close them) in order to let the pneumatic effects happen and dissipate. 
B. Deployment Control System Performance
The performance of the control program is a feature relatively hard to asses since it depends on numerous factors, which influence in a more or less drastic fashion the precision of the controller. Let's identify each of these factors and define their effect on the controller's accuracy:
-The main loop timer value (see legend 0 on previous figure) : it defines how frequently the sensors output are collected and compared to the user command. Theoretically, the more frequent the comparison, the faster the controller will react. -The individual action frames timer value (see legend 9 on previous figure): Let us recall that for each main loop timer value, two individual frames follow each other (action and rest). It was determined that since the main loop timer value is on the order of 400 to 800 ms, the rest period should be about the same length as the action period in order to let the pneumatic effects happen and dissipate. Making a rest period too short relative to the action period may result in a delay in the next action period, and extensively may cause the actuator to respond in an unwanted manner. -The clearance on the total length tolerated by the control program: this parameter is defined at the comparison stage -between the actual length and the desired length (see legend 6 on previous figure) . The clearance (negative or positive discrepancy) drives directly the overall precision of the controller. However, it is crucial to remember that below a certain value of clearance the pneumatic effects do not have enough time to dissipate. As a result, the wing span keeps oscillating around the desired length and never reaches stability. -The operating pressure for the extension and retraction of the actuator: This parameter defines the amplitude of the pneumatic effects. If the pressure is too high, the wing will increase or decrease fast, with very large increments, which will most likely result in an overshoot of the desired length. If the operating pressure is too low, it will take several cycles of the main time loop before the actuators actually start to react to the inputs of pressure because friction forces as well as compressibility effects have to be overcome. -The aerodynamic forces supported by the wing: the higher the aerodynamic forces, the higher pressure is required to actuate the wing. The initial time response is greatly affected as well. A general rule would be to make sure that the rest-time is long enough, and that a large pressure is matched with a very small main loop timer value. Conversely, a low pressure should be matched with a larger main loop timer value. Figure 8 presents an example of usage of the controller: the top screen displays a Command Length sequence given by the user, plotted versus a computer time unit; the bottom screen displays the Actual Length of the wing given by the length sensors, plotted versus the same time unit. A comparison of those plots shows a delay in the response of the spars and also that the spar sometimes overshoots the Command Length before the controller forces it back to the desired position. Additionally, the last four teeth of the test shows a time lag at about mid-height, which corresponds to the stiction that prevents the small part of the tube from retracting until the required pressure is attained and the force is overcome.
It was experimentally determined that the following combination of parameters was satisfying: Main loop timer of 400 ms, Action frame timer of 200ms and rest frame timer of 200ms, Imprecision (clearance) of 0.25" , which represents 0.65% of the total wingspan, Actuating pressure of 30 PSI. For the given values, the error was recorded to be: -0.65% average for a retraction case from 100% to 80% wingspan in 2 seconds -0.33% average for a retraction case from 100% to 60% wingspan in 3.6 seconds -0.0% average for a retraction case from 100% to 80% wingspan in 4 seconds Figure 8 : Controller -User Interface -Test example
V. Wind Tunnel Testing
A. Wind Tunnel Setup and Test Matrix
The telescopic wing was tested at three free-stream velocities (20mph, 25mph, and 30mph) and thus Reynolds numbers (227390, 284290, and 341120), at four different spans (40%, 60%, 80% and 100%), and for angles of attack varying from 0 to after stall ( estimated between 16 and 24 degrees). Additionally, two foam-core/ fiberglass solid wings, of spans corresponding to the fully-retracted and fully-extended telescopic wing configurations, were tested to verify the order of magnitude of the forces. These solid wings were mounted onto the balance using two aluminum rods going all the way through the wing and screwed onto the floor. The test matrix for the telescopic and solid wings is displayed bellow. 
B. Theoretical Aerodynamic Performance
The principle behind making a morphing aspect ratio wing lies in finite wing theory. 5 According to the theory, a finite wing produces a wingtip vortex that redirects the free-stream flow down, thereby effectively reducing the lift characteristics of a given airfoil and inducing added drag. Equation 5 shows an expression for the lift coefficient. The reduction in lift is a result of the overall lift curve slope being lowered by Equation 6 , where a 0 is the theoretical lift curve slope, equal to 2π for thin airfoils. The induced drag coefficient, C D,i , is also a function of the aspect ratio as given in Equation 7 . 
As seen in the above equations, the aspect ratio, and thus wingspan in the case of a rectangular wing, is the driving variable in the aerodynamic performance of a finite wing. Further, the effect of a large scale variation in wingspan will result in a wide variation of L/D, especially in the regime of low aspect ratios, as seen by the denominator of Equation 7.
Wingspan
Re 16.5" 23.1" 30.8" 38.5" 227,390
The theoretical determination of parasite drag, composed of profile drag and skin friction drag, can not be expressed by simple analytic solutions. The CFD program X-Foil, originally developed at MIT 12 , was used to predict the parasite drag at various angles of attack and Reynolds numbers. It is important to mention that the values obtained did not account for the Aspect Ratio, but were only dependent on the airfoil geometry and the Reynolds number. The sets of parasite drag values obtained seemed to diverge drastically above a 14 degrees angle of attack; therefore it was decided to account for a constant value of parasite drag, equal the 14 degrees value, above this angle.
C. Results and Analysis
The next figure displays the results of Lift Coefficient (C L ), Drag Coefficient (C D ) and Lift to Drag ratio (L/D) for the telescopic wing in its retracted configuration (40% of maximum span) and in its extended configuration (100% of maximum span). The plots also display theoretical curves and the curves for the solid wing corresponding to the studied span of the telescopic wing. Additionally, the following results are only presented for a wind speed of 20 mph, or a Reynolds Number of 227,390, since very similar trends were observed at the other test speeds. 
(F)
The lift curves, for both configurations, shows a pretty good agreement between the three cases ( Telescopic Wing, Finite Wing Theory and Solid Wing), even though the theoretical curves seems slightly lower that the two experimental curves. However, in both cases the solid wing shows a constant slightly higher value of lift. Figure 9 .A also shows that the solid wing stalls 2 degrees earlier than the telescopic wing.
The drag curves are in good agreement and again, the trends are very similar in both extended and retracted configurations. Nevertheless, the solid wing appears to generate consistently less drag than the telescopic wing. The theoretical value of drag being strongly dependent on the induced drag, which is a function of lift, does not show an abrupt change at the stall angle, but overall the experimental curves match fairly well the theoretical curve.
These discrepancies in lift and drag values for the telescopic wing can potentially be explained by the relative flexibility of the telescopic skin. As the angle of attack increases, the lower surface of the airfoil could potentially be deformed by pressure. This would result in a cambered airfoil that would produce less lift and more drag, as opposed to a symmetric airfoil of similar geometry -for instance, this would be the result expected if a NACA 2413 and a NACA 0013 were to be compared 13 . However, this change in the airfoil section should be accompanied by a delay in stall, which was not consistently observed. For example, Figure 9 (A) shows a delay in the stall angle for the telescopic wing, but Figure 9 (D) does not, or very slightly. Note that this expected slight change in stall angle could be hidden due to testing imprecision.
The differences in lift and drag appear minor but are more profoundly displayed on the Lift to Drag ratio plots (Figure 9 (C&F) ). In the retracted configuration (40% of the maximum span), the telescopic wing underperforms the Theoretical curve by 17% peak to peak which could possibly be justified by the seams at the junction of the telescopic wing skin element. The telescopic wing underperforms the Solid wing curve by approximately 30%. In the extended configuration, the telescopic wing underperforms the Theoretical curve by about 8% peak to peak, and the Solid wing curve by approximately 30%. It is not clear why the solid wing outperforms the theoretical and telescopic curves in such a drastic manner. However, a bending of the mounting spars of the solid wings was observed during testing, which could influence the exactitude of the measured values. The next table presents the maximum lift to drag ratio values for both the extended and retracted configuration, and at the lowest and highest test speeds. Note that the similar differences of performance are obtained at 30 mph. Also, the maximum values of L/D ratio are obtained at the same angles for the same speed in each of the wing configuration (40% and 100%). 
VI. Conclusion
Morphing wing technology has been used on manned aircraft over the years, but never on a UAV. Morphing the wing geometry enhances not only the aerodynamic performance, but also the endurance and range of a given airplane. This allows a single aircraft to perform various mission requirements. This paper considers the design, development and testing of a pneumatic telescopic wing. Key elements of the wing consist of a pneumatic telescopic spar, rigid airfoil skins and rib elements. The telescopic wing assembly has the ability to undergo a 130% increase in aspect ratio while supporting aerodynamic loads. Preliminary structural analysis and wind tunnel testing suggest that this wing concept is in fact feasible for a small-scale UAV. Wind tunnel test results confirm that the aerodynamic performance of the telescopic wing suffers because of the limpness of the skin and possibly the seams of the wing sections. Nevertheless, in its fully deployed condition the telescopic wing can achieve lift to drag ratios as high as 12.
Future work will include analysis of the stability and control characteristics as well as the aeroelastic properties of the pneumatic morphing aspect ratio wing. Additionally, the telescopic wing is a portion of a larger research program on morphing technology. In the future, aspect ratio, wing sweep and camber will be combined in a single aircraft's wing.
